The study was made of the antibacterial effects of three terpene alcohols on Staphylococcus aureus, focusing on the leakage of K + ions and toxicity over time. The leakage of K + ions was monitored continuously with a K + -electrode. Our results suggested that the terpene alcohols, namely, farnesol, nerolidol and plaunotol might act on cell membranes. The rank order of effectiveness, farnesol > nerolidol > plaunotol, was the same in the toxicity assay and in the examination of the leakage of K + ions, when we considered the initial rate and the amount of leaked K + ions. The rank order agreed with the results of a growth-inhibition assay reported previously. The antibacterial activity reflected the initial rate of leakage of K + ions, suggesting that damage to cell membranes might be one of the major modes of action of these terpene alcohols. The results also demonstrated that the initial rate of leakage and the amount of leaked K + ions are useful as indices of the antibacterial activities of hydrophobic compounds.
Introduction
Nosocomial infections have become a serious problem and the appearance of pathogenic bacteria that are resistant to antibiotics has made it difficult to solve this growing problem. Staphylococcus aureus has become resistant to various antibiotics and much effort has been made to identify novel compounds with antibacterial activity and to analyze their mechanisms of action.
Compounds from plants, such as essential oils, have attracted a considerable interest in this context. Many have been used as traditional medicines against various pathogens and some have been reported to have antibacterial activity against pathogenic bacteria.
The antibacterial activity of tea tree oil (TTO), the essential oil of Melaleuca alternifolia, has been studied in some detail because of its broad spectrum of antibacterial activity [1] [2] [3] [4] . TTO damages the cell membranes of Gram-negative and Gram-positive bacteria [5, 6] . Cox et al. [7] studied the leakage of K + ions from S. aureus and Escherichia coli in an attempt to estimate the antibacterial activity of TTO. They showed that the amount of K + ions that leaks out of bacterial cells can be used to estimate antibacterial activity. Hada et al. [8] investigated the initial leakage of K + ions in response to TTO with a K + -electrode, and they were able to follow the concentration of K + ions in suspension of bacterial cells continuously. They noted the usefulness of such investigations in analyses of the modes of action of antibacterial agents. Aminoglycoside antibiotics were initially recognized as antibiotics that damage cell membranes [9] and they have been shown to cause mistranslation during protein synthesis [10, 11] . Damage to cell membranes by aminoglycosides was recognized when it was noted that they cause the loss of ions, such as K + ions, from bacterial cells [12] [13] [14] . However, no efforts have been made, to our knowledge, to monitor the leakage of K + ions over time and to estimate, from the results, the extent of damage to cell membranes.
We have been studying the antibacterial activities of hydrophobic compounds derived from plants, focusing on terpenes, and we have established a broth-dilution method with shaking (BDS) for accurate determinations of the activity of such compounds [15, 16] . Using BDS, we demonstrated that farnesol, nerolidol and plaunotol each have antibacterial activity against S. aureus [17] .
In this study, in an effort to clarify the modes of action of farnesol, nerolidol and plaunotol against S. aureus, we investigated changes in the concentration of K + ions in bacterial suspensions using a K + -electrode. We compared our results with those for aminoglycosides in terms of effects of cell membranes. We also determined the initial rates of leakage of K + ions from bacterial cells and examined whether these rates were correlated with antibacterial activity. The antibacterial and bactericidal activities were estimated by BDS method and a toxicity assay, respectively.
Materials and methods

Reagents and microorganism
All reagents used in this study with the exception of plaunotol were purchased from Sigma Chemical Company (St. Louis, MO). Plaunotol was a gift from Sankyo Co. Ltd. (Tokyo, Japan).
Staphylococcus aureus FDA209P was used as the standard strain [15] .
Growth and preparation of bacteria
Staphylococcus aureus FDA209P was grown at 37°C in the medium described by Katsu et al. [18] . Cells were harvested at the late-exponential phase of growth, washed twice with buffer (50 mM MOPS-Tris plus 100 mM choline chloride, pH 7.2) and suspended in the same buffer. To provide an estimate of the concentration of bacteria in each test suspension, protein assay was carried out. Three ml of bacterial suspension used for K + -leakage assay was sonicated on ice and centrifuged (30k rmp, 1 h, 4°C). The supernatant was added to dye reagent solution (Bio-Rad, CA, USA) and vortexed. Absorbance at 595 nm was measured by DU-65 spectrophotometer (Beckman Instruments Ins., CA, USA). The concentration of protein was determined as described by Bradford [19] , with bovine serum albumin as the standard protein, to provide an estimate of the concentration of bacteria in each test suspension. The ratio between CFU ml À1 and protein concentration (lg ml À1 ) was at the order of 10 6 (CFU lg À1 ).
Preparation of the K + -selective electrode
Changes in the concentration of K + ions in bacterial suspensions were monitored with a K + -selective electrode. The K + -selective electrode was constructed with a poly vinylchloride-based membrane [20, 21] . The membrane was prepared from 1 mg of valinomycin (Sigma), 60 ll of dioctyl phthalate (Wako Pure Chemical Industries, Ltd., Tokyo, Japan) and 30 mg of polyvinylchloride [22] , all of which were dissolved in 1 ml of tetrahydrofuran, which was then poured into a flat petri dish of 9 mm in diameter. The solvent was allowed to evaporate at room temperature. After evaporation, the film on the flat petri dish was removed and pasted onto one end of a tube made of polyvinylchloride. A solution of 10 À2 M potassium chloride was introduced into the tube and a silver wire, partially coated with silver chloride, was inserted into the solution. The tube was then used as the K + -selective electrode.
Quantitation of the leakage of K + ions
The concentration of K + ions in 4 ml of a suspension of cells (ca. 10 7 CFU ml À1 initially) was determined with the K + -selective electrode and a reference electrode. A silver/silver chloride electrode was used as the reference electrode (Asahi Techno Glass Co., Chiba, Japan). Each test compound, at the indicated concentration, was added to the cell suspension in a total volume of 100 ll and each solution was prepared by diluting a stock solution of the test compound with MOPS-Tris buffer (see above). Each stock solution was prepared in methanol. We confirmed that methanol at the concentration used had no effect on the growth of the bacteria. Each assay was performed at 37°C. Results were recorded digitally.
Toxicity assay
Cells from an overnight culture of S. aureus were washed twice by centrifugation with phosphate-buffered saline (PBS; pH 7.0). The cell pellet was resuspended in 1 ml of PBS at 7 · 10 6 CFU ml À1 . An aliquot of 100 ll of this suspension of cells was added to 10 ml of buffer that contained 80 lg ml À1 farnesol, nerolidol or plaunotol and incubated at 37°C. The buffer did not contain any solubilizer. Samples were removed for determination of viable cell counts after 0, ) were then prepared in PBS buffer. Aliquots of 50 ll of the diluted sample were plated on agar-solidified Mueller Hinton broth (Difco, Detroit, MI) with a spiral plater (Autoplate 3000; Spiral Biotech, Bethesda, MD). The plates were then incubated at 37°C for 24 h and then colonies were counted. Killing curves were constructed by plotting numbers of viable cells against time. All assays were performed in triplicate.
Results
Leakage of K
+ ions from bacterial cells Fig. 1 showed a calibration curve of the measurement system used in this study. It was demonstrated that the linearity between logarithmic value of the concentration of K + ions and potential difference observed. We monitored changes in the concentration of K + ions in bacterial suspensions in the presence of terpene alcohols. It was confirmed that the measurement was hardly affected when terpene alcohols and antibiotics used in this study added into buffer solution (data not shown). Farnesol induced a rapid increase in the concentration of K + ions (Fig. 2) . After the dramatic increase, the concentration remained constant. Similar changes occurred at several final concentrations of farnesol. The initial rates of leakage of K + ions and the amounts of K + ions that leaked from bacterial cells are shown in Table 1 . To compare values, we used units of mol lg of leakage of K + ions was also dependent on the concentration of farnesol added. Fig. 3 shows the analogous results for nerolidol, which were similar to those for farnesol. Quantitative results are listed in Table 1 . Both the initial rate of leakage and the amount of K + ions that leaked from cells were dependent on the final concentration of nerolidol. Fig. 4 shows the leakage of K + ions induced by plaunotol. An initial rapid increase in the concentration of K + ions was observed, as in the case of farnesol and nerolidol, when the concentration of plaunotol was 80 lg ml À1 . When the final concentration of plaunotol was 40 or 20 lg ml À1 , the initial rates were similar to each other. The amount of K + ions that leaked from cells increased with increases in the concentration of plaunotol.
To compare the results with those for terpenes, we also investigated leakage of K + ions in response to aminoglycoside antibiotics (Fig. 5) . Measurements were made when the final concentration of aminoglycoside was equal to the minimum inhibitory concentration (MIC). Kanamycin and streptomycin each induced a rapid increase in the concentration of K + ions immediately upon addition to the bacterial suspension.
Toxicity assay
We investigated the bactericidal activity of farnesol, nerolidol and plaunotol at 80 lg ml À1 (Fig. 6) . Farnesol reduced the viable cell count 1000-fold within 1 h. Nerolidol reduced the viable cell count 10-fold in 1 h. However, 2 h later, the viable cell count was similar to that for farnesol. In the presence of plaunotol, the viable cell count fell gradually and 6 h were required before it reached the low values obtained with farnesol and nerolidol.
Discussion
As shown in Fig. 2 , farnesol increased the concentration of K + ions in a suspension of S. aureus FDA209P. The rapid increase, just after the addition of farnesol, occurred within ten seconds, indicating that farnesol was able to damage cell membranes very rapidly.
The concentration of K + ions in the medium barely changed for about 10 min after the rapid increase, even when the final concentration of farnesol was varied. Nerolidol gave similar results to farnesol (Fig. 3) . Fig. 4 shows that plaunotol also damaged cell membranes since a rapid increase in the concentration of K + ions occurred just after its addition. At 80 lg ml À1 , plaunotol might affect S. aureus similarly to farnesol and nerolidol. At 40 lg ml À1 and 20 lg ml À1 , the initial rate of leakage of K + ions decreased. Thus, the intensity of its effects clearly depended on the concentration of plaunotol.
In the case of the aminoglycosides, namely, kanamycin and streptomycin, the changes in the concentration of K + ions were similar to those observed with farnesol (Fig. 5) . We know that aminoglycosides inhibit protein synthesis in addition to damaging cell membranes. The rapid increase might reflect damage to cell membranes, as in the case of farnesol, nerolidol and plaunotol. It has been suggested that a change in the concentration of K + ions in the medium might reflect the mode of action of an antibacterial agent.
Two indices have been reported for estimations of antibacterial activity in terms of the leakage of K + ions: the amount of K + ions that leaks from bacterial cells [7] ; and the initial rate of leakage of K + ions [8] . These values for the three terpene alcohols studied are summarized in Table 1 .
At a final concentration of 10 lg ml À1 , farnesol induced leakage of K + ions that was 1.4 times faster than that induced by nerolidol and 3.8 times faster than that induced plaunotol. At a final concentration to 40 lg ml À1 , the difference in relative rates of initial leakage increased. Thus, the ability to damage cell membranes depended both on the concentration and on the nature of the terpene alcohol.
Our results showed that farnesol was able to damage cell membranes most effectively among the terpene alcohols tested in this study and its effect increased with increases in its concentration. When we compared amounts of leaked K + ions, farnesol was again the most effective. The relative amounts depended on both the terpene alcohol and its final concentration. Both indices suggested the same rank order for antibacterial activity; farnesol > nerolidol > plaunotol.
Various methods have been reported for estimations of antibacterial activity. The micro broth dilution method is usually used to determine the minimum inhibitory concentration (MIC). In the case of hydrophobic compounds, reproducibility is sometimes affected because of the limited solubility of such compounds. BDS has allowed us to solve this problem, as reported previously [15] , and it gave a rank order of antibacterial activities against S. aureus identical to that determined in the present study [17] . In the toxicity assay, the activity of nerolidol was similar to that of farnesol, while plaunotol was less effective (Fig. 6) , supporting the results of BDS.
The results in terms of rank order of effectiveness of BDS, the toxicity assay, and the assay of the leakage of K + ions were all consistent. The initial rate of leakage reflected the damage to cell membranes. The amount of leaked K + ions reflected the sum of a combination of effects. In the case of plaunotol, these effects might be negligible at low concentrations. Therefore, it appears that damage to cell membranes is a common feature of the antibacterial activity of terpene alcohols, and the agreement among rank orders determined by different methods indicates that the damage to cell membranes is a predominant effect.
The activities of farnesol and nerolidol were higher than that of plaunotol. Farnesol and nerolidol are sesquiterpenes and plaunotol is a diterpene. The differences in activity between the sesquiterpenes and the diterpene are probably due to differences in chemical structure. A relationship between antibacterial activity and the structure of aliphatic alcohols was proposed by Kubo et al. [23] . They suggested that maximum activity against S. aureus might be dependent on the number of carbon atoms in the hydrophobic chain from hydrophilic hydroxyl group, which should be less than twelve but as close to twelve as possible. The corresponding chains in farnesol, nerolidol and plaunotol have twelve, ten and eleven carbon atoms, respectively. The results obtained by BDS and analysis of leakage of K + ions do not support the proposal by Kubo et al. The configuration of functional groups and double bonds probably affected the activity even though aliphatic chain length might be a dominant indicator of antibacterial activity.
In this study, we demonstrated the antibacterial activities of terpene alcohols with long aliphatic chains against S. aureus on the basis of damage to cell membranes. The activity appeared to depend not only on the length of the aliphatic chain but also the configurations of functional groups and double bonds. Investigations of the leakage of K + ions appear to be useful for analyses of antibacterial activity and of modes of action of hydrophobic compounds.
